Tubulointerstitial fibrosis is a hallmark of advanced diabetic kidney disease that is linked to a decline in renal function, however the pathogenic mechanisms are poorly understood. Microparticles (MPs) are 100-1000 nm vesicles shed from injured cells that are implicated in intercellular signalling. Our lab recently observed the formation of MPs from podocytes and their release into urine of animal models of type 1 and 2 diabetes and in humans with type 1 diabetes. The purpose of the present study was to examine the role of podocyte MPs in tubular epithelial cell fibrotic responses. MPs were isolated from the media of differentiated, untreated human podocytes (hPODs) and administered to cultured human proximal tubule epithelial cells (PTECs). Treatment with podocyte MPs increased p38 and Smad3 phosphorylation and expression of the extracellular matrix (ECM) proteins fibronectin and collagen type IV. MP-induced responses were attenuated by co-treatment with the p38 inhibitor SB202190. A transforming growth factor beta (TGF-β) receptor inhibitor (LY2109761) blocked MP-induced Smad3 phosphorylation and ECM protein expression but not p38 phosphorylation suggesting that these responses occurred downstream of p38. Finally, blockade of the class B scavenger receptor CD36 completely abrogated MP-mediated p38 phosphorylation, downstream Smad3 activation and fibronectin/collagen type IV induction. Taken together our results suggest that podocyte MPs interact with proximal tubule cells and induce pro-fibrotic responses. Such interactions may contribute to the development of tubular fibrosis in glomerular disease.
Introduction
Diabetic nephropathy (DN) is a frequent complication of diabetes and the leading cause of end stage kidney disease in the developed world [1] . Early DN is typified by glomerular injury including cell loss, basement membrane thickening and mesangial expansion [2] . While all glomerular cells are impacted, podocytes are particularly sensitive to diabetic stress conditions such as hyperglycemia, hydrostatic forces that accompany hyperfiltration and inflammation [2, 3] . Podocyte loss is generally irreversible and is associated with increased glomerular permeability and development of albuminuria. While the glomerulus is widely recognized as the primary site of injury in DN, tubular injury is also prominent. Tubular hypertrophy and interstitial inflammation are seen early in the course of DN [4] [5] [6] and with disease progression tubular atrophy and interstitial fibrosis develop in concert with declining renal function [5, 7] . Cross-talk between podocytes and the tubular epithelium is believed to play an important role in the development of tubulointerstitial fibrosis and renal functional decline; however, the mechanisms by which this occurs are not fully understood [8] [9] [10] .
Intercellular communication is a multifaceted process that can involve direct physical contact as well as the secretion of molecular signals (ie cytokines, hormones and neurotransmitters) [11] . In addition, extracellular vesicles including exosomes and microparticles (MPs) are emerging as novel vectors for cell-cell communication [12, 13] . MPs are small plasma membranederived vesicles with a diameter of 100-1000 nm which carry a variety of proteins, lipids, mRNA and miRNA arising from the cell of origin [13, 14] . MPs have been implicated in a host of physiological and pathological processes. In this regard we, and others, showed that endothelial MPs induce pro-inflammatory and pro-oxidative responses in endothelial cells and impair vascular reactivity in isolated vessels [15] [16] [17] [18] [19] . The mechanisms by which MPs achieve their effects are not fully understood but may involve transfer of proteins or nucleic acids, immune modulation, release of free radicals, or cell surface interactions and receptor activation (reviewed in [13, [20] [21] [22] [23] ).
Recently, our lab observed the formation of podocyte MPs in response to diabetic stress conditions [24] . These podocyte MPs are released into the urine with levels increased in experimental and human diabetes [24, 25] . However, whether podocyte MPs play a role in podocytetubular cross-talk has not yet been examined. In the present study, we investigated the role of podocyte MPs in proximal tubules epithelial cell fibrotic responses and determined molecular mechanisms underlying this process.
Materials and methods
hPOD cell culture A conditionally immortalized human podocyte (hPOD) cell line was obtained with permission from Moin Saleem (University of Bristol, Bristol, UK) and cultured using the methods described with modification [24, 26] . Briefly, cells were grown on collagen I-coated culture plates (0.1 mg/ ml; Sigma-Aldrich, St Louis, MO) in RPMI-1640 medium supplemented with vesicle-free 10% FBS (Invitrogen, Carlsbad, CA), and penicillin-streptomycin solution (1:100; Invitrogen). Podocytes were propagated at 33°C in the presence of 10 U/ml recombinant human γ-IFN (Invitrogen). For induction of podocyte differentiation, cells were maintained at 37°C for 14 days in the absence of γ-IFN. Approximately 25 ug of MPs were collected from 1 × 10 7 podocytes per 24 hours.
Microparticle and exosome isolation
Podocyte MPs were isolated from the media of cultured hPODs as described previously [27] . Media were centrifuged at 2,500 × g for 10 minutes and MPs were isolated from resultant supernatant by centrifugation at 20,000 × g for 20 minutes at 4°C. In some experiments the resultant supernatant was centrifuged at 100,000 x g for 90 minutes at 4°C in order to prepare podocyte-derived exosomes for control experiments. The MP-containing pellet was resuspended in sterile 1x phosphate buffered saline (PBS, treatment, nanoparticle tracking analysis) or radioimmunoprecipitation assay buffer (RIPA, Western blot analysis) consisting of 50 mM Tris pH 8.0 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1% Triton X-100 and a 1:10 dilution of protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Exosomes were isolated from the 20,000g supernatant by centrifugation at 100,000 x g for 90 minutes at 4°C. The exosomecontaining pellet was re-suspended in RIPA buffer and stored at −80°C prior to analysis. 
Fluorescent labelling of microparticles
Podocyte MP were labelled with PKH26 as described [28] . Briefly, podocyte MPs were labelled with the red fluorescent dye PKH26 (Sigma) for 5 min at room temperature according to manufacturer's instructions. Labelled MPs were then washed twice by centrifugation (20,000 x g, 20 minutes at 4°C) and re-suspended in PBS before treatment. In concert with the above, PKH26 incubated in the absence of MPs was prepared as a negative control.
PTECs were seeded on glass coverslips and treated with podocyte MPs (10 ug/ml) for 3 hours at 37ºC. PTECs were washed three times with cold PBS, fixed for 10 minutes in 4% paraformaldehyde with 0.3% Triton-X100, and washed three times in PBS. Fixed cells were then incubated with Alexa-Fluor 594 Phalloidin (1:200 dilution, Invitrogen) to stain filamentous actin and Hoechst 33342 (1 µg/ml, Invitrogen) for nuclei labelling. Cover slips were mounted on glass slides using Dako Fluorescent Mounting Medium (Fisher Scientific, Waltham, MA) and images were captured using a Zeiss Axiskop 2 MOT (Carl Zeiss AG, Oberjochen, Germany) equipped with filter set 10 (item # 488010-9901-000, green fluorescence), 2 (488002-9901-000, blue) and 15 (488015-0000-000, red).
Western blot
PTECs and MP/exosome preparations were lysed with RIPA buffer. Protein was quantified with the DC TM Protein Assay Reagent (Bio-Rad, Hercules, CA, USA). All samples were mixed in 1X Laemmli buffer (0.1% 2-mercaptoethanol, 0.0005% bromophenol blue, 10% glycerol, 2% SDS in 63 mM Tris-HCl, pH 6.8) and denatured by heating to 95°C for 5 min, separated in an SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were blocked in 5% milk in Tris-bufferedsaline with 0.01% Tween (TBS-T) or 5% bovine serum albumin (BSA, Sigma-Aldrich)/TBS-T for 1 hour at room temperature with gentle shaking, incubated overnight at 4ºC with primary antibody. The following primary antibodies were used: anti-CD63 (1:1000, System Biosciences, Palo Alto, CA, USA), anti-TSG101 (1:2000, System Biosciences), anti-synaptopodin (1:1000, Santa Cruz, Dallas, TX, USA), anti-fibronectin (1:3000; SigmaAldrich) anti-GAPDH (1:2000; Abcam, Cambridge, UK), anti-collagen type IV (1:500; Santa Cruz), both total and phosphorylated anti-p38 (1:1000), anti-ERK1/2 (1:1000), anti-c-JUN and anti-Smad3 (1:1000) (Cell signalling). Following incubation with primary antibody, membranes were washed in TBS-T and incubated with horseradish peroxidase-conjugated secondary antibodies for 1 hour (1:2000, Santa Cruz). Membranes were probed for immunoreactivity by chemiluminescence and quantification of blots was conducted by densitometry (Image J software 1.42q).
RNA isolation and real time PCR
For quantitative PCR (qPCR), RNA was extracted from isolated podocyte MPs and cultured PTECs using the Qiagen RNeasy minikit as per manufacturer's instructions. Extracted RNA was converted to cDNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) with 45 ng starting material per reaction. Samples were treated with DNAse and 9 ng of cDNA was analysed using an ABI Prism 7000 Sequence Detection System with SYBR Advantage qPCR Premix (Clontech) according to manufacturer's instructions. The following primers were purchased from invitrogen: Fibronectin sense (5′-GCAAGCCCAT AGCTGAGAAG −3′), Fibronectin antisense (5′-AGATGCACTGGAGCAGGTTT −3′); GAPDH sense 5′-AGATCCCTCCAAAATCAAGT −3′) and antisense 5′-GGCAGAGATGATGACCCTT −3′). The relative quantity of fibronectin mRNA was normalized to an endogenous gene (GAPDH) and fold changes were calculated with the 2−ΔΔCt method. Melting curves of each amplified products were analysed to ensure uniform amplification of the PCR products.
Statistical analysis
Results are expressed as mean±SEM. Statistical analysis was conducted using GraphPad Prism version 5.0 (GraphPad software, San Diego, California). Parameters were evaluated by One-way ANOVA with Tukey posttest. Values of p ˂0.05 were considered statistically significant.
Results

Characterization of podocyte MPs and interaction with PTECs
Podocyte MPs were characterized by NTA. As shown in Figure 1 , podocyte MP isolates had a mean diameter of 189 ± 5 nm. MP isolates were larger and more heterogeneous than podocyte-derived exosomes isolates (Supplemental Figure 1) . Podocyte MPs contained the podocyte marker synaptopodin, but lacked exosomal markers CD63 and TSG101 (Figure 1 ). In addition, podocyte MPs contained fibronectin mRNA and protein, albeit at much lower levels than that seen in PTEC lysates (Figure 1c,d) .
Our previous studies established that podocyte MPs are detectable in urine with levels increased in diabetes [24, 25] . Given its location immediately adjacent to the glomerulus, the proximal tubule represents a likely initial site of interaction for podocyte MPs. To assess whether podocyte MPs contribute to podocyte-PTEC cross-talk, we examined whether podocyte derivedMPs physically interact with PTECs. MPs were labelled with the membrane dye PKH26 and incubated in the presence of PTECs. Labelled MPs were visible on the surface of PTECs at 3 hours as 100-1000 nm fluorescent particles suggesting a physical interaction (Figure 2) . In rare cases, larger aggregates were also seen. Surface interactions remained detectable up to 72 hours after treatment (not shown).
Podocyte MPs induce expression of collagen IV and fibronectin in PTECs
To determine whether podocyte MPs play a role in PTEC pro-fibrotic responses, we assessed levels of the ECM fibronectin and collagen type IV in cultured PTECs exposed to podocyte MPs. We exposed primary human PTECs to podocyte MPs (10 µg/mL) and measured fibronectin and collagen type IV expression via Western blot analysis. While no change in fibronectin and collagen type IV expression was observed before 24 hours (not shown), we observed an~2-fold increase in the expression of both fibronectin (Figure 3(a) ) and collagen type IV (Figure 3(b) ) after 72 hours. Podocytederived exosomes had no effect on fibronectin or collagen Type IV expression (not shown).
Podocyte MPs stimulate p38 and Smad3 activation in PTECs
The activation of MAPK and TGF-β receptor-dependent signalling pathways are associated with tubulointerstitial fibrosis in DN and other renal diseases [29] [30] [31] [32] [33] [34] [35] . We therefore examined the effects of podocyte MPs on MAPK and TGF-β signalling cascades in PTECs. As shown in Figure 4 , podocyte MPs induced a robust increase in p38 MAPK activation (Figure 4  (a) ). By contrast, ERK 1/2 and JNK phosphorylation were not affected by podocyte MP treatment (Figure 4 (b,c) respectively). Western blot analysis also revealed that Smad3, a downstream mediator of TGF-β receptor activation, was phosphorylated in response to podocyte MP stimulation (Figure 4 no differences in any kinase signalling pathway with respect to controls (not shown).
Inhibition of p38 MAPK attenuates podocyte MPmediated induction PTEC fibrotic responses
Using an inhibitor of p38 MAPK (SB203580), we assessed the role of p38 MAPK in MP-induced PTEC responses. While SB203580 treatment alone had no effect on cultured PTECs, co-treatment with podocyte MPs and SB203580 blocked MP-mediated increases in Smad3 phosphorylation ( Figure 5(a) ), fibronectin expression ( Figure 5(b) ) and collagen type IV expression ( Figure 5(c) ).
Inhibition of TGF-β receptor blocks podocyte MPmediated induction of Smad3 and ECM proteins but not p38 MAPK
To test the role of the TGF-β receptor in the effects of podocyte MPs on PTECs, we inhibited the TGF-β receptor (types 1 and 2) using LY2109761. As shown in Figure 6 , LY2109761 reduced podocyte MP-mediated increases in Smad3 phosphorylation (Figure 6(a) ), fibronectin expression (Figure 6(b) ), and collagen type IV expression ( Figure 6(c)) . Notably, the physical interaction between podocyte MPs and PTECs was not altered by co-treatment with LY2109761 (results not shown) and LY2109761 did not block podocyte MP-mediated induction of p38 MAPK, suggesting that podocyte MPs do not directly activate the TGF-β receptor and that TGF-β receptor signalling is downstream of p38 MAPK.
Inhibition of CD36 blocks podocyte MP-mediated PTECs responses
CD36 is a cell surface class B scavenger receptor, expressed in PTECs and recently identified as a putative receptor for MPs in platelets and endothelial cells [36] [37] [38] . To determine whether CD36 plays a role in podocyte MP-mediated induction of PTEC fibrotic responses we inhibited CD36 using the irreversible Figure 3 . Effect of podocyte MPs on fibronectin (a) and collagen type-IV (b) expression in cultured PTECs. Cells were exposed to podocyte MPs (10 μg/ml) for up to 72 hours and fibronectin and collagen type-IV expression was examined by Western blot analysis. ***P < 0.001 vs Control, n = 6.
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antagonist SSO. Co-treatment with SSO completely blocked MP-induced p38 MAPK phosphorylation (Figure 7(a) ), Smad3 phosphorylation ( Figure 7(b) ) and fibronectin expression (Figure 7(c) ).
Discussion
The purpose of the present study was to examine the effects of podocyte MPs on PTECs with a focus on induction of pro-fibrotic responses. The major finding is that podocyte MPs induce pro-fibrotic responses in PTECs characterised by up-regulation of fibronectin and collagen type IV expression. Podocyte MP-mediated responses were dependent upon p38 MAPK-dependent activation of the TGF-β receptor, a process which was abrogated by antagonism of the scavenger receptor CD36. Taken together these results suggest that podocyte MPs act on PTEC CD36 to induce p38 MAPK/TGF-β receptor-dependent fibrotic responses. Extracellular vesicles, including MPs, are emerging as important vectors for intercellular communication in a host of biological systems [13, 39] . Despite this, comparatively little is known about vesicle-based signalling pathways in the kidney. One report by Eyre and colleagues showed that endothelial and monocytederived MPs induce pro-inflammatory responses in cultured podocytes [40] . Similarly, endothelial MPs have been reported to stimulate hypoxia inducible factor-α expression in HK-2 cells [41] . Both of these reports involved the stimulation of renal cells by extrarenal MPs. Extending from this, we report a novel mechanism by which vesicles from one renal cell population (ie podocytes) stimulated a response in a separate renal cell population (ie PTECs). The close proximity of podocytes and PTECs within the nephron suggests that this intercellular communication may be important in vivo.
We observed a pro-fibrotic response by PTECs when treated with podocyte MPs, but not podocyte exosomes. This is consistent with a previous report by Zhou that showed that vesicles released by injured rat proximal tubules (NRK cells) induced mesenchymal transition of recipient NRK cells [42] . The results of Zhou differ from ours in that they identified a novel autocrine signalling pathway (rather than the paracrine signalling pathway reported here) and that the vesicles isolated were the result of sediment after 100,000 g centrifugation (likely a heterogeneous mixture of exosomes and MPs). Profibrotic effects of extracellular vesicles have also been reported in the liver where hepatocyte-derived extracellular vesicles (obtained from 100,000 g sediment) induced up-regulation of pro-fibrotic genes in hepatic stellate cells by miR-128-3p [43] . Our results suggest that podocyte MPs are capable of inducing PTEC fibrosis. Our MP isolates appear to be largely free of exosomes and other small (<100 nm) particles since we did not observe the presence of exosomal markers TSG101 or CD63 and the majority of particles were of 100-1000 nm in size. Based on several lines of evidence we postulate that these responses are a result of receptor activation rather than nucleic acid transfer. First, podocyte MPs induced a rapid increase in phosphorylation of p38 MAPK and Smad3 with responses as early as 30 minutes and had returned to baseline levels by 2 hours. Such a rapid response is more likely associated with receptor stimulation rather than alterations in nucleic acid processing. Consistent with this, the changes in fibronectin/collagen type IV expression were not observed until 72 hours, which is more consistent with an induction of expression than a direct transfer of protein from the MPs. other mechanisms of action such as a fusion and transfer of protein or nucleic acids. CD36 is a class B scavenger receptor expressed in a variety of tissues [36, 37, 44] . In the kidney, CD36 is expressed in the proximal tubule, collecting duct and loop of Henle with expression in the proximal tubule increased in diabetes [44] . Previous studies in cultured proximal tubule epithelial cells (PTECs) showed that CD36 activation leads to oxidative stress, apoptosis, and pro-fibrotic signalling (fibronectin expression, TGF-β release) [44] [45] [46] . Similarly, mice deficient in CD36 are resistant to renal fibrosis and oxidative stress in unilateral ureteral obstruction [46, 47] . Our data also support a role for CD36 in PTEC fibrogenesis through the stimulation of p38 MAPK and TGF-β receptormediated activation of Smad3, collagen type IV and fibronectin. This, in turn, could contribute to the development of renal fibrosis in vivo leading to impaired function. The MP-associated ligands responsible for CD36 activation are not clear at this time. Indeed, identification of the ligands responsible is likely to be challenging due to the wide spectrum of bioactive compounds known to activate this scavenger receptor including thrombospondin, lipoproteins, and glycated or oxidized proteins and lipids [36, 37, 44] .
Activation of the TGF-β receptor appears to be indirect and ligand independent since downstream Smad3 activation is rapid and p38 dependent. Accordingly, we hypothesize that p38 MAPK transactivates the TGF-β receptor resulting in downstream pro-fibrotic signalling. Indeed, transactivation of the TGF-β receptor by other mechanisms has been reported in cultured proximal tubule epithelial cells and vascular smooth muscle cells [48, 49] .
Our results suggest that podocyte MPs induce a fibrogenic response in PTECs; however, the functional significance of this is currently unclear. As MP formation is in response to cell stress/injury [50, 51] , it is likely that podocyte MP-mediated cross-talk is seen under conditions of glomerular injury. Indeed, our previous studies suggest that levels of podocyte-derived MPs in urine are minimal in the absence of disease, but increased in diabetes [24, 25] . One limitation of the present study is that we studied podocyte MPs from unstimulated podocytes rather than those formed following external stress. It is possible that podocyte MPs may differ in their bioactivity depending on the stimulus, as we and others have reported in endothelial MPs [52, 53] . Pathogenically, diabetic kidney disease typically involves podocyte/glomerular injury followed by development of tubulointerstitial fibrosis which more closely associates with declining renal function [54, 55] . Putative mechanisms linking glomerular injury to tubular dysfunction include increases in ultrafiltered albumin and/ or cytokines [9, 10, 56] . Based on the results from the present study we speculate that the early release of MPs from podocytes may represent an alternative mechanism linking glomerular injury to tubular fibrosis in diabetic nephropathy. Indeed, it is possible that this mechanism may extend to other glomerular diseases affecting podocytes, such as IgA nephropathy or minimal change disease. In summary, this study provides, for the first time, evidence that podocyte MPs induce pro-fibrotic responses in PTECs. Podocyte MP-mediated responses were dependent upon activation of CD36-dependent transactivation of the TGF-β receptor. This novel pathway for podocyte-PTEC cross-talk may contribute to the development of tubulointerstitial fibrosis and renal decline in glomerular disease.
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